Abstract: Synthetic phytochelatin-related peptides are used as an organic coat on the surface of colloidal CdSe/ZnS semiconductor nanocrystals synthesized from hydrophobic coordinating trioctyl phosphine oxide (TOPO) solvents. The peptides are designed to bind to the nanocrystals via a C-terminal adhesive domain. This adhesive domain, composed of multiple repeats of cysteines pairs flanked by hydrophobic 3-cyclohexylalanines, is followed by a flexible hydrophilic linker domain to which various bio-affinity tags can be attached. This surface coating chemistry results in small, buffer soluble, monodisperse peptide-coated nanoparticles with high colloidal stability and ensemble photophysical properties similar to those of TOPOcoated nanocrystals. Various peptide coatings are used to modulate the nanocrystal surface properties and to bioactivate the nanoparticles. CdSe/ZnS nanocrystals coated with biotinylated peptides efficiently bind to streptavidin and are specifically targeted to GPI-anchored avidin-CD14 chimeric proteins expressed on the membranes of live HeLa cells. This peptide coating surface chemistry provides a novel approach for the production of biocompatible photoluminescent nanocrystal probes.
Introduction
Cadmium chalcogenide semiconductor nanocrystals (NCs) are very promising luminescent probes. 1,2 These crystallite clusters of semiconductors, also known as quantum dots, have a size of 1 to 8 nm and exhibit unique optical properties that arise from quantum confinement effects characteristic of these small dimensions. 3, 4 Their high photostability, controllable and narrow emission bands (25-35 nm full width half-maximum), in addition to their broad absorption spectra and quantum yield as high as 85% 5 offer significant advantages over conventional fluorescent dyes and may revolutionize fluorescence microscopy techniques. 6 The remarkable photophysical properties of CdSe NCs throughout the visible range and their relatively easy synthesis have, therefore, generated tremendous interest for high sensitivity fluorescence microscopy imaging of biological samples. 6, 7 Among the various routes for the production of CdSe NCs, 8 synthesis in hot hydrophobic coordinating solvents such as trioctyl phosphine oxide (TOPO) yield the best crystalline quality and monodisperse nanoparticles and allow very good control over their size dispersion. [9] [10] [11] The luminescence properties and the photostability of these NCs are noticeably improved when a shell of higher band gap materials, such as ZnS, is epitaxially grown around the CdSe cores. 12, 13 As in the core synthesis, hydrophobic coordinating solvents permit the controlled growth of fairly uniform ZnS shells a few nanometers thick. Core/shell CdSe/ZnS NCs synthesized with TOPO surfactants are, however, highly hydrophobic and their use as luminescent probes for biological imaging requires a reliable surface chemistry in order to solubilize them in biological buffers. Ideally, this surface chemistry does not significantly affect the size, maintains the colloidal stability and the photophysical properties of the nanoparticles and enables covalent attachment of biological affinity tags.
In recent years, various original surface chemistries enabling solvation of TOPO-coated semiconductor NCs in aqueous buffers have emerged. Organic dendrons, 14 amphiphilic polymers, 15 mercaptoalkanoic acid ligands, [16] [17] [18] [19] phospholipid mi- 17 Despite the progress made in the past few years, the controlled interfacing of hydrophilic organic molecules with the inorganic surface of NCs remains an important challenge. Interestingly, when it comes to organic-inorganic interactions, very specialized and efficient processes have naturally evolved. A particularly remarkable example is the biosynthesis by some plants as well as some yeast and bacteria strains of cysteine-rich peptides called phytochelatins. Phytochelatins are synthesized by these organisms to detoxify their environment from transition metal ions such as Cd 2+ (for a review 36 ). In vivo, these peptides of structure (γ-EC) n G (n, the number of dipeptide repeats, is typically 2-4) complex metal ions into semiconductor NCs such as CdS. 37,38 These intracellular peptide-coated NCs appear to be very stable and have photophysical properties similar to those of NCs synthesized chemically, but tend to degrade upon photoexcitation. 39 From these initial observations, phytochelatinrelated peptides with γ and R-linkages have been used as templates for in vitro nucleation and growth of NCs such as ZnS or CdS. 39, 40 More recently, combinatorial approaches and phage display technology have been employed to optimize the interfacing of peptides with semiconductor nanoparticles. [41] [42] [43] However, the use of NCs grown from peptide templates as probes for fluorescence microscopy has been rather limited. The probable cause is their lower crystalline quality as compared to similar NCs synthesized in hot coordinating solvents and the absence of higher band gap shell material on top of the semiconductor cores, which may result in rapid photodegradation. On the basis of these naturally formed organic-inorganic hybrid materials, we designed synthetic R-peptides resembling the phytochelatins, which would efficiently bind on the surface of hydrophobic CdSe/ZnS NCs and provide buffer soluble, biocompatible, and photostable NCs probes suitable for live cell fluorescence imaging. In this report, we describe the aqueous buffer solubilization and the bioactivation of TOPO-coated CdSe/ZnS nanoparticles with such peptides. This approach yields monodisperse and colloidally stable peptide-coated NCs with photophysical properties similar to those of their hydrophobic peers. Their relatively small size and high colloidal stability permit characterization via conventional biochemical techniques. Moreover, the NCs surface properties can be controlled and tuned using various peptide coatings or by reacting combinations of different peptides on the nanoparticles surface (Table 1) . Finally, we describe the bioactivation of CdSe/ ZnS NCs with peptides bearing a biotin moiety and the specific targeting of these NCs to live HeLa cells expressing membraneanchored avidin-CD14 chimeric proteins (av-CD14).
Experimental Section
Chemicals. All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Tustin, CA).
Synthesis of Peptides. The peptides were purchased from Synpep (Dublin, CA) or synthesized by standard F-moc solid-phase synthesis. The purity was at least 80% for the commercial peptides and 95% for others. The identity and purity of the peptides were confirmed by ESIion trap mass spectrometry, and reversed-phase HPLC.
Synthesis of CdSe/ZnS Core-Shell Nanocrystals and Solubilization with Peptides. TOPO-coated CdSe/ZnS NCs were synthesized by rapid injection of dimethyl-cadmium and TOP-selenide precursors in hot TOPO using methods previously described. 9,12,13,44 Three sizes of CdSe cores: 2.4, 3.2, and 4.5 nm in diameter 45 were over-coated with 4-5 monolayers of ZnS and preserved in butanol/TOPO. The three CdSe/ZnS batches used in this report consisted of green (530 nm), yellow (565 nm) and red (617 nm) emitting NCs.
For the reaction with peptides, TOPO-coated CdSe/ZnS NCs were precipitated with methanol and redissolved in pyridine to a concentration of 1 µM. 45 An excess of peptides, typically 4.0 mg in 50 µL DMSO, was then mixed with 450 µL of the NCs solution. The surfactant exchange and the binding of peptides on the NCs were triggered by increasing the pH of the mixture above 10.0 with the addition of 12 µL of tetramethylammonium hydroxide (TMAOH) 25% (w/v) in methanol. The mixture was then quickly vortexed and centrifuged. The NCs precipitate obtained was redissolved in DMSO and eluted through a G-25 Sephadex desalting column (Amersham, Piscataway, NJ) equilibrated with water. The peptide-coated nanoparticles were then dialyzed against a PBS buffer (50 mM NaCl, 10 mM Na2HPO4, pH 7.2) to remove the excess of unbound peptides. Depending on the subsequent applications, the peptide-coated NCs were kept at 4°C in the dialysis buffer, water, or buffers supplemented with 0.1% bovine serum albumin (BSA) for improved stability.
Chromatographic and Electrophoresis Techniques. Size exclusion gel chromatography (SE-HPLC) was performed on an Agilent 1100 series liquid chromatography system with G4000SWxl columns (Tosoh, Montgomeryville, PA) using a PBS mobile phase (100 mM NaCl, 3 mM KCl, 2 mM KH 2PO4, 7 mM Na2HPO4 pH 7.2) at a flow rate of 0.5 mL/min. Absorbance and fluorescence detections were performed online during the separation. The Stoke's radii of the NCs were determined by the method of Laurent and Killander 46 with a set of proteins standard of known Stoke's radii: Bovine thyroglobulin (85.0 Å), bovine gamma globulin (55.0 Å), chicken ovalbumin (27.3 Å), horse myoglobin (18.8 Å) and vitamin B-12 (7.5 Å) (Biorad, Hercules, CA). The size of the peptide-coated NCs was calculated from the standard calibration curve by linear fitting the Stoke's radii versus (-log Kav) 1/2 (Supporting Information, Figure S 
-4).
Gel electrophoresis was performed on 0.5% and 1% agarose gels in TBE buffer (89 mM TRIS, 89 mM Borate and 2mM EDTA, pH 8.3) for 1 h at 120 V. The fluorescent bands were detected on a FX fluorescence gel scanner (Biorad, Hercules, CA) with a laser excitation at 488 nm and appropriate emission filters. For the streptavidin assays, 200 nM of NCs coated with biotinylated peptide 8 (Table 1) or nonbiotinylated peptides 4 or 6 were incubated in PBS pH 7.2 with various concentrations of streptavidin (Pierce, Rockford, IL) for 60 min at 25°C (Figure 6 ). After incubation, the sample were run on a 1% agarose gel in TBE for 1 h at 120 V and imaged on a fluorescence gel scanner.
Photophysical Characterization. For spectra acquisitions, TOPOcoated NCs were precipitated with methanol and redissolved in toluene. Peptide-coated NCs were kept in PBS buffer. UV-vis absorption spectra were acquired on a Perkin-Elmer lambda 25 UV-vis spectrometer. Fluorescence spectra were acquired on a QM-6SE PTI fluorescence spectrometer with excitation at 400 nm. Quantum yields for TOPO coated NCs in toluene and peptide-coated NCs in water were evaluated against Rhodamine 6G (EM Science, Gibbstown, NJ) in methanol for identical optical density at 488 nm.
Transmission Electron Microscopy. TEM measurements were performed on a high-resolution Philips CM200 microscope. After methanol precipitation, red emitting TOPO-coated NCs in toluene were deposited on ultrathin carbon coated copper grids 400 mesh (Ted Pella, Redding, CA). Peptide-coated NCs were deposited from water. The size distribution analyses were performed from digital images of various fields of view by measuring the longest axis of the NCs with the instrument processing software Digital Micrograph (Gatan, Pleasanton, CA). The NCs diameters were then reported as a histogram with a 0.5 Å binning. The size and width distributions were evaluated by Gaussian fitting of the histograms.
Atomic Force Microscopy. AFM measurements were conducted on a SPM microscope (Molecular Imaging, Thousand Oaks, CA). Images were acquired in "tapping mode" in air with a SiO 2 cantilever. After methanol precipitation, TOPO-coated NCs, redissolved in butanol, were spin-coated on mica. For the peptide-coated samples, the NCs were diluted in acidified water (pH 4) and also spin-coated on mica. Images were analyzed using a homemade Labview software. The NCs height values were then reported on a histogram with a 0.5 Å binning. The size and width distributions were evaluated by Gaussian fitting of the histograms.
Construction of Avidin-CD14 Chimera and Cell Targeting. A glycosylphosphatidylinositol (GPI)-anchored avidin construct was made to introduce avidin to the cell membrane of HeLa cells. The full-length chicken avidin (Genbank accession no. X05343, amino acid 1 to 153 including signal sequence) was modified by PCR with the following primers to add a 5′-Hind III and a 3′-Bam HI site: sense, 5′ cgc ggg aag ctt gcc acc atg gtg cac gca acc tcc 3′; anti-sense, 5′ cgc ggg gga tcc ctc ctt ctg tgt gcg cag 3′. The signal for GPI-anchor from human CD14 (Genbank accession no. M86511, amino acid 318 to 376 encompassing the stalk region and the transmembrane region) was PCR amplified with the following primers to add a 5′-Bam HI and a 3′-NOT I site: sense, 5′ cgc ggg gga tcc ctg ccc gag gtg gat aac 3′; antisense, 5′ cgc ggg cgc cgg cga aat ccg ttt cgg ggc gcg 3′. Both fragments were then cloned into the mammalian expression vector, pcDNA3 (Invitrogen, Carlsbad, CA) via Hind III and NOT I sites. The resulting avidin-CD14 (av-CD14) plasmid contains the full-length avidin fused in-frame to the GPI-anchor sequence of CD14. HeLa cells were transfected with the av-CD14 plasmid using Effectene reagent (Qiagen, Valencia, CA) and selected with 0.75 mg/mL G418 (Invitrogen, Carlsbad, CA). The transfected HeLa cells were grown in DMEM media supplemented with 5% fetal calf serum (FCS) to 60% confluency on fibronectin coated coverslips. The cells were kept at 37°C through all steps until the imaging. For 3 to 4 h prior to the staining experiments, the cells were starved in DMEM media to free the av-CD14 proteins from biotin present in the FCS supplement and to avoid competition with the biotinylated probes. The cells were preincubated in a HBSS + 1% BSA buffer for 20 min and rinsed with HBSS (10 mM glucose, 20 mM Hepes, 1.2 mM Na 2HPO4, 1.2 mM MgSO4, 145 mM NaCl, 5mM KCl, 2 mM CaCl2, pH 7.4). Biocytin Alexa 594 (200 nM) (Molecular Probes, Eugene, OR), biotinylated (10 nM) or nonbiotinylated (10 nM) CdSe/ZnS NCs emitting at 617 nm were then incubated on the cells in HBSS + 1% BSA for 20 min. The cells were rinsed with HBSS buffer and imaged in 37°C HBSS on an inverted Axiovert Zeiss microscope (Thornwood, NY) equipped with a 63× oil-immersion (1.4 NA) objective, a 100 W mercury lamp and a CoolSnap CF CCD camera (Roper Scientific, Tucson, AZ). Biocytin Alexa 594 was imaged with a 560 BP55 excitation filter, a 595 LP dichroic mirror and a 645 BP75 filter for emission (Chroma, Rockingham, VT). A 500 SP excitation filter, a 505 DRLP dichroic mirror and a 645 BP75 emission filter were used for the NCs.
Results
Peptide Coating of CdSe/ZnS Nanocrystals. The reaction of a typical phytochelatin-related synthetic R-peptide on the surface of CdSe/ZnS NCs is presented in Figure 1 . The 20 amino acid long amphiphilic peptide has a hydrophobic adhesive domain allowing the binding on the ZnS surface of the NCs and a negatively charged and hydrophilic linker domain that can be modified to include binding sequences or functional groups for conjugation. Cysteinyl thiolates, present in the adhesive domain, have previously been shown to act as surface ligands on CdS and ZnS NCs. 21, 38, 47 The replacement of these cysteine residues (C) by alanine resulted in water insoluble particles (data not shown), and confirmed that the presence of cysteine allows the attachment of the peptides on the nanoparticle surface. Multiple repeats of cysteine in tandem were chosen to enhance the coverage and the stability of the peptides on the NCs surface. Adhesive domains limited to one repeat only were not adequate to obtain stable NCs. Such length-dependent stability has been previously observed for CdS NCs coated with phytochelatin peptides of various lengths. 39 The formation of aggregates during the reaction could be prevented by dissolving both the peptides and the TOPO-coated NCs in 9:1 (v:v) pyridine:DMSO cosolvent. The presence of hydrophobic 3-cyclohexylalanine (Cha) residues around the cysteines of the adhesive domain helped the solubilization of the peptides in this apolar cosolvent. The large cyclohexyl moieties were also chosen to limit the cross-reactivity between the cysteines of the adhesive domain and to compete with the hydrophobic TOPO on the NCs surface. When the Cha residues were replaced by alanine, the obtained peptide-coated NCs were unstable in buffers (data not shown).
The binding of the peptides on the ZnS layer was triggered by forming cysteine thiolates anion with the addition of tetramethylammonium hydroxide (TMAOH) base. TMAOH has previously been shown also to effect the removal of TOPO from the surface of CdSe/ZnS NCs. 31 Upon binding of the peptides, the nanoparticles precipitate out of the cosolvent, and can be redissolved in DMSO and water. The excess of un-bound peptides was then removed by dialysis or centrifugal filtration and the purification was assessed by size exclusion liquid chromatography (SE-HPLC) and SDS-PAGE gel electrophoresis (Supporting Information, Figure S-1) .
Peptide 1 (Table 1) , composed of the adhesive domain only, could efficiently solubilize CdSe/ZnS in DMSO and water but the NCs aggregated at pH 7.2 in PBS buffers above 5 mM. The addition of a polar second domain to the peptide sequences, such as that of peptide 2, improved the stability in PBS buffers with ionic strength up to 20 mM, though the NCs formed small aggregates above this molarity. When a polar but positively charged domain containing arginine residues (R) (peptide 3) was used to enhance the stability of the particles in higher ionic strength buffers, the NCs readily aggregated upon water solubilization. These aggregations may have arisen from the interaction of the positively charged arginine residues with the negatively charged surface of the NCs. To overcome these charge interactions, a polar but negatively charged domain containing glutamic acid residues (E) (peptide 4) was tested, and successfully conferred both solubilization and colloidal stability to the nanoparticles in PBS buffers containing 100 mM and higher salt. This domain was thus chosen as a hydrophilic linker addition for other peptides sequences.
As shown in Figure 2a , three sizes of CdSe/ZnS NCs coated with peptide 5 could be separated on a SE-HPLC column. This separation by size was also observed by gel electrophoresis where the NCs have different relative migration distances (Figure 2b) . Similar separations of different NCs sizes were obtained after coatings with peptides 4, 6, 7, 8, and 10 (Supporting Information, Figure S-2) . The small width of the bands observed in gels and the Gaussian shape of the nanoparticle elution peaks by SE-HPLC reflect the narrow size distribution of the peptide-coated nanocrystal samples and indicate that the coating is uniform and does not lead to aggregations. Individual peptides or mixtures of the peptides depicted in Table 1 coating on the monodispersion and the size of the NCs, TEM, and AFM statistical analyses were performed before and after coating (Figure 3 ). The diameter of the crystalline core/shell material was measured by TEM while AFM was carried out to assess the total size of the NCs, including the surfactants. Statistical measurements by TEM indicated sizes of 73.8 Å ((27%) and 73.7 Å ((24%) in diameter for TOPO and peptidecoated red emitting CdSe/ZnS NCs respectively (Figure 3a,b) . AFM measurements on the same samples, performed to estimate the size increase related to the TOPO and peptides surfactants, revealed sizes of 70.7 Å ((27%) for TOPO and 55.2 Å ((38%) for peptide-coated NCs (Figure 3c,d) . Although the AFM measurements showed no significant changes in the width of the NCs size distribution, the detected sizes are lower than those measured by TEM. As reported by Ebenstein et al., 49 For the red nanoparticles this radial increase of 45.5 Å from the size of the core/shell material determined by TEM accounts for the peptide coating and possible interparticle hydrodynamic interactions or particle column interactions during the separation. Indeed this distance is slightly longer than the maximum length of the hydrophilic linker domain that is estimated at 38 Å assuming an ideal extended CR-CR distance of 3.8 Å between each amino acid. The colloidal stability of the peptide-coated nanoparticles over long periods of time was further confirmed by agarose gel and SE-HPLC analyses showing no signs of aggregation in samples stored over two months at 4°C. The NCs are stable between pH 4.0 to 10.0 (Table 1) . Having determined that the peptide coating does not significantly affect the colloidal properties of the NCs, we evaluated the effect on their photophysical properties. Figure 4 shows that the absorption and emission spectra of the NCs are unchanged after peptide coating. No shift in peak maximum or increase of the bands full width half-maximum was observed for any of the peptides described in Table 1 . Despite having no effects on the spectral properties of the NCs, the peptide coating did lead to a significant decrease in quantum yield (QY) for CdSe cores NCs with ZnS shells. TOPO-coated NCs batches with QY of 11 to 15% in toluene usually had a QY of 1 to 2% in water depending on the peptide coating. However, for CdSe cores having graded CdS/ZnS shell 50 the peptide coating did not lead to a decrease in QY. Peptide-coated CdSe/CdS/ZnS had QY of 16% in water.
Modulation of the Nanocrystal Surface Properties and Bioactivation with Peptides. Figure 5 presents the solubilization of green CdSe/ZnS NCs with three peptides (4, 5 and 6) having the same adhesive domains but differing charges in their hydrophilic linker domains. On SE-HPLC, all three NCs samples elute with similar retention times and have similar Stoke's radii (Figure 5b ). However, when the NCs are separated by electrophoresis on agarose gels, three different relative migration distances are observed (Figure 5c ). The distance of migration appears to be influenced by the charge of the peptides on the NCs surface. Although it is unclear how the cysteines contribute to the overall charge of the nanoparticles, the NCs coated with the most negatively charged peptide 5 migrate further toward the positive electrode than peptides 4 or 6, in good agreement with the calculated theoretical charge of each sequence at the pH of separation (Figure 5a ). Such separations by charge were reproducible for all sizes of NCs (result not shown). Notice that the sequences tested are negatively charged. NCs coated with peptide 10, which is positively charged at pH 8.3, also migrate toward the positive electrode (Supporting Information, Figure  S-2) . Evidently, the peptide coatings influence the overall charge of the NCs but the migration appears dominated by a negative charge probably originating from the core/shell material itself.
The nanoparticles were then bioactivated with peptides bearing an N-terminal biotin. CdSe/ZnS NCs solubilized with peptide 8 were tested for activity in a gel shift assay with streptavidin. As shown in Figure 6a , a clear binding of the biotinylated NCs to streptavidin is observed. The tetrameric nature of streptavidin leads to the aggregation of multiple NCs together, as observed from the widening and shifting of the nanocrystal bands with increasing concentrations of streptavidin. At 50 µg/mL of streptavidin, the size of the aggregates hinders entry into the gel. At higher streptavidin concentrations, the nanoparticles re-enter the gel as a narrow band of significantly shorter migration distance relative to the biotinylated NCs. From the bandwidth and position, the re-entering NCs have a homogeneous size and appear larger than the biotinylated NCs. This concentration dependent gel re-entry may be explained by the saturation of the NCs surface biotins with streptavidin, which prevent further aggregation. The same NCs coated with nonbiotinylated peptides 4 or 6 did not bind to streptavidin, thus confirming the absence of nonspecific interactions between the nanoparticles and the proteins (Figure 6b ). For NCs coated with peptide mixtures such as 1:1 molar ratio of peptides 8 and 4, good correlations between the saturating streptavidin concentrations and the amounts of biotinylated peptides used during the coating were observed (result not shown). However, with avidin, which is highly positively charge at physiological pH (pI 10.0), only nonspecific interactions with the negatively charged NCs were observed. Incubation of avidin with both biotinylated and nonbiotinylated NCs yielded aggregates not related to the binding of biotins to avidin (Supporting Information, Figure S-6 ). Such electrostatic mediated binding of positively charged proteins on negatively charged CdSe/ZnS NCs has previously been reported. 51 However with NeutrAvidin, a deglycosylated form of avidin 52 which is not charged at physiological pH (pI 6.3), good binding specificity of the biotinylated NCs was observed (Supporting Information, Figure S-6) . In live-cell targeting assays the electrostatic interactions of the NCs with avidin were also absent. Although the nanoparticles coated only with biotinylated peptide 8 reacted well with streptavidin in solution, the binding efficiency was severely lowered for streptavidin fixed on solid supports such as 96 well plates. Reducing the amount of biotin on the surface of the NCs using mixtures of peptides 8 and 4 at different ratios did not improve the binding efficiency on solid phases. This problem of interaction could be solved by coating the NCs with a 1:1 molar ratio of biotinylated peptide 8 and shorter hexaethyleneglycol-modified peptide 9. The length difference between the two peptides allows a better exposure of the biotin moieties and might lead to a better access to the streptavidin binding pockets (Figure 7) .
Targeting of Biotinylated CdSe/ZnS Nanocrystals in Live Cells. To validate the biocompatibility of the peptide-coated NCs, we targeted biotinylated NCs to the cell membrane of HeLa cells expressing GPI-anchored avidin-CD14 (av-CD14) chimeric proteins (Figure 8 ). In initial control experiments, the cells were incubated with a biotinylated Alexa 594 fluorescent dye (Figure 8a-c) . HeLa cells expressing the av-CD14 proteins are fluorescently labeled while cells not expressing the proteins are not stained. 53 As expected, the cell membrane was homogeneously stained, but cytoplasmic compartments were also labeled. When the cells were incubated with biotinylated NCs coated with a 1:1 molar ratio of peptides 8 and 9, similar membrane and cytoplasmic staining patterns were observed (Figure 8d-f) . Specific recognition of the av-CD14 proteins by the NCs on the cell membrane was confirmed by the absence of labeling for nonexpressing cells. Little nonspecific binding to the nonexpressing cells or to the fibronectin substrate was observed. As previously reported the presence of poly(ethylene glycol) (PEG) on the NCs surface reduces significantly nonspecific adsorptions. 20,28 The targeting specificity was further confirmed when incubation with nonbiotinylated NCs coated with a 1:1 molar ratio of peptides 4 and 9 revealed neither membrane nor cytoplasmic staining (Figure 8g-i) . We did not observe nonspecific binding of the NCs to avidin as previously seen in gels. The BSA blocking step together with a possible change of the isolectric point of avidin after fusion to the CD14 GPI sequence and anchoring to the cell membrane may explain the absence of nonspecific interaction. The labeling of cytoplasmic compartments was further confirmed by confocal microscopy for both Alexa 594 and NCs probes. 54 This internal staining occurs within 2-3 min of incubation with the probes and appears to be temperature dependent and perinuclear (Supporting Information, Figure S-7) . No toxic effects of the NCs on the cells were observed. HeLa cells stained with NCs and further incubated for 24 h in DMEM media appeared healthy (result not shown).
Discussion
To use semiconductor NCs probes for live cell imaging, biocompatible and colloidally stable CdSe/ZnS nanoparticles are required. We have developed a phytochelatin-related peptide surface coating chemistry for this purpose. The surface adhesive portion of these peptides, composed of three repeats of cysteinetandems flanked by hydrophobic Cha residues, is able to bind to both core and core/shell CdSe/ZnS NCs. Similar to previous reports, 39 we observed that multiple repeats of cysteines promote the solubility and enhance the colloidal stability of the NCs. Ideally, the length of the adhesive domain can be adapted to the size of the particles in order to better fit the surface curvature and to enhance the coverage efficiency. Lee et al. 55 have demonstrated that various amino acid residues are able to bind to the surface of ZnS semiconductors. Although the presence of both cysteine and Cha residues in our peptide adhesive domain enabled the binding to CdSe/ZnS NCs synthesized from TOPO solvents, other amino acid residues might be employed. While the binding of cysteine thiols to ZnS surfaces by coordination to Zn 2+ is well characterized, 47 the role of the Cha residues remains to be clarified. Beyond favoring solubilization in a hydrophobic cosolvent, Cha residues may also actively participate in hydrophobic adsorption as well as ordering of the peptides on the nanoparticle surface.
The aggregation of the NCs when a positively charged hydrophilic domain is used in the peptide sequence, and the observation that the nanoparticles always migrate toward the positive electrode during gel electrophoresis regardless of the charge of the hydrophilic domain, suggest that the NCs are negatively charged after the coating procedure. We suspect that this charge is located at the surface of the NCs and originates from a reorganization of charges in the core/shell semiconductor material after binding of the adhesive domain.
As discussed in the Introduction, some surface chemistries result in NCs having insufficient stability in buffers or large sizes, making electrophoretic and chromatographic analyses of these nanoparticles difficult. The separation of different sizes of soluble peptide-coated NCs on agarose gels as well as on size-exclusion chromatographic columns illustrates the high stability of the peptide coating and its limited effect on the overall size and distribution of the particles. Such analyses permit rapid control of the quality and activity of the NCs and their conjugates prior to further applications. Although the observed Stoke's radii of the peptide-coated NCs are consistent with the presence of a single monolayer of peptides on the nanoparticle surface, we could not evaluate accurately the number of peptides per nanocrystal. We were unable to efficiently strip the peptides off the NCs surface and conventional protein assays reacted with the CdSe/ZnS material giving high background signals that prevented the evaluation of meaningful values for the amount of peptide per NCs. Alternative methods are currently under study.
It has been reported that surface chemistries on CdSe/ZnS NCs do not lead to significant changes in the position of absorption and luminescence bands, but often affect the QY. 23 We did not observe changes in the spectral properties of CdSe/ ZnS NCs after peptide coating, but we did observe a significant decrease of the QY. This QY decrease appeared to vary by a few percent with the nature of the peptide. In fact, the QY of CdSe/ZnS NCs is strongly dependent on the environment 6 and on surfactant molecules. 5, 56, 57 This variation of QY as a function of peptide coatings opens possibilities to improve the luminescence properties of CdSe/ZnS NCs by varying the nature of the amino acids present in close proximity to the nanoparticle surface. An additional way to limit the decrease in QY is to modify the composition of the NCs shell. Although the QY of CdSe/ZnS NCs significantly dropped upon peptide coating, there was no decrease of QY for CdSe cores with graded CdS/ZnS shells.
Despite the inherent negative charge on the surface of the core/shell material after the peptide coating, modulation of the NCs charge using various peptide sequences could be achieved. This confirmed that the surface properties of the particles can be tailored for specific applications. Changes in the amino acids' composition of the hydrophilic domain or chemical group modifications in the peptide sequences provide means of altering the NCs properties. For example, NCs coated with peptide 7 bearing a N-terminal lysine residue could be successfully derivatized with succinimidyl esters of biotin and subsequently showed excellent binding to streptavidin (result not shown). Alternatively carbohydrates, specific binding sequences or signaling peptides such as the nuclear localization sequence PKKKRKV 58 of peptide 10 may be integrated into the synthetic peptide sequence, providing bioactive NCs that can be directly used in biological assays without the requirements of conjugation chemistry.
The size of the NCs, the surface density of the ligands, and their distance from the particle surface are also important factors to consider in order to optimize the molecular interaction of the nanoparticles with biomolecules of interest. NCs coated with high surface density of biotinylated peptide 8 were unable to bind to streptavidin on solid phases, probably because both the biotin moieties and streptavidin had limited conformational freedom. Problems of interaction of CdSe/ZnS NCs with their target have been previously reported. 31 The surface landscape of the NCs is therefore critical for efficient recognition of biologically active molecules. The reaction of different length peptides at various ratios on the NCs helps optimize molecular interactions by influencing the NCs surface topography (Figure 7). The targeting of NCs probes to GPI-anchored av-CD14 proteins on the membrane of live HeLa cells reflects the importance of controlling the particles' surface landscape. Indeed, the biotin binding pockets of avidin are buried 9 Å beneath the protein surface. 59 Efficient binding to av-CD14 proteins could only be achieved by coating the NCs with mixtures of short PEG-modified peptide 9 together with longer biotinylated peptide 8. This length difference, together with the reduced amount of biotinylated peptides on the NCs surface, confer sufficient conformational freedom for the biotins to access the buried avidin binding pockets on the cell membrane.
The ability to target peptide-coated NCs to live cells specifically and the observation that the NCs labeled av-CD14 proteins are rapidly internalized are good indications of the high stability and biocompatibility of these probes and confirm that they are well suited for live cell imaging. Peptide-coated NCs are able to enter crowded areas such as biological membranes, and can be employed for the detection and tracking of single proteins and vesicles in cells. 54
Conclusions
TOPO-coated CdSe/ZnS nanocrystals are easily made buffer soluble and biocompatible using phytochelatin-related peptides as an organic coat. The peptide-coated nanoparticles are relatively small, have high colloidal stability and conserve their photophysical properties and a good quantum yield for CdSe/ CdS/ZnS nanocrystals. The modulation of the nanocrystal surface properties is achievable by using various peptide coatings. Single step bioactivation of the nanoparticles with peptides bearing a ligand was demonstrated. This surface chemistry is very versatile and offers a new approach for the use of photoluminescent nanocrystal probes for cell imaging. It also complements existing methodologies. Peptides similar to those described here might be employed for the coating of other semiconductor and metallic nanocrystals, nanorods, and nanotubes. Moreover, with recent developments in peptide selfassembling systems, 60 this approach might be useful for the controlled and programmed patterning of nanostructures based on peptide motif recognition.
